Objective: 14-Deoxycoleon U is a natural abietane-type diterpene and exerts an inhibitory effect on tumor cells proliferation, which suggests that 14-Deoxycoleon U may be a potent anti-cancerous lead compound for lung cancer treatment. This study was to evaluate potential of 14-Deoxycoleon U to treat lung adenocarcinoma in vitro and in vivo. Methods: In the present study, the cell viability and apoptosis morphology of 14-Deoxycoleon U-treated A549 and LLC cells were explored using cell counting kit-8 assay and Hoechst 33258 staining. Then, the protein expressions about apoptosis, endoplasmic reticulum (ER) stress, autophagy and cell cycle were measured using Western blot. The autophagosome formation of 14-Deoxycoleon U-treated A549 cells was visualized using a confocal microscopy. LLC lung adenocarcinoma model was established. Results: The results indicated that 14-Deoxycoleon U significantly inhibited A549 and LLC cell proliferation in a dose-dependent manner via caspase-dependent apoptosis. Furthermore, apoptosis of both cells was mediated by 14-Deoxycoleon U-induced ER stress. In addition, 14-Deoxycoleon U-induced A549 and LLC cell autophagy, thus promoting their death. Moreover, 14-Deoxycoleon U-induced cell cycle arrest in both cells via inhibition of cyclin D3, cyclin-dependent kinase 6, CDC2 and up-regulation of p21. In vivo results showed that administration of 14-Deoxycoleon U significantly suppressed LLC growth and adverse effects of 14-Deoxycoleon U on organs might be lower than of adriamycin. Conclusion: Overall, our results demonstrated that 14-Deoxycoleon U represses in vitro and in vivo growth of lung adenocarcinoma through ER stress-mediated apoptosis accompanied by autophagy and cell cycle arrest.
Introduction
As one of the top 10 malignant tumors worldwide, lung cancer which includes small cell lung cancer (SCLC) and non-small cell lung cancer (NSCLC), is associated with a highest morbidity and mortality and became a serious threat to human health. 1 About 80% of lung cancer patients are diagnosed as NSCLC, and the survival rate of NSCLC patients remains approximately 15% in the last 5 years despite various progressive therapeutic anti-tumor strategies. [2] [3] [4] Up to now, surgical resection is the first choice for primary tumor treatment at an initial stage, but a mere handful of patients are diagnosed in such stage. 5 In NSCLC advanced stage, combination of chemotherapy and radiotherapy is still the preferred option against the malignant tumor. However, the development of pleiotropic drug resistance becomes an obstacle for a conventional drug therapy against NSCLC. 6 The present therapy status indicated the inefficiency of most current treatment strategies, meaning that the discovery of novel effective compounds against NSCLC is urgently needed. 14-Deoxycoleon U is a natural abietane-type diterpene extracted from Coleus forskohlii, which has been used for relieving asthma and acute pneumonia as a folk medicine in clinical practice for many years. 7, 8 Aromatic abietanes as a natural diterpenoids family are characterized by the aromatic ring C with different degrees of oxygenation at several locations, Aromatic abietanes exhibit a wide variety of interesting biological activities including antiinflammatory, hepato-protective and anti-tumor effects, becoming dominant in their role as anti-cancer drugs. [9] [10] [11] [12] In addition, a previous study reported that 14 -Deoxycoleon U possesses a significant cytotoxicity effect on a human ovarian cancer cell line. 13 All these evidence suggest that 14-Deoxycoleon U may be a potent anti-cancerous lead compound for lung cancer treatment. Therefore, in our current study, we evaluated the effect of this compound on lung cancer cells and our results showed that 14-Deoxycoleon U had inhibitory effects on both the lung cancer cell lines we used and it is also effective on inducing apoptosis. Thus, 14-Deoxycoleon U might be considered a novel anti-cancer natural compound.
Materials and methods

Cell culture and treatment
A549 and LLC cell lines were obtained from the China Center for Type Culture Collection (CCTCC). RMPI 1640 medium (Thermo Fisher Scientific, Waltham, MA, USA) complemented with 10% FBS (Thermo Fisher Scientific), 100 U/mL penicillin and 100 μg/mL streptomycin were used for cells culture. And, cells were incubated at 37°C under 5% CO 2 and 95% humidified atmosphere. A549 and LLC cells were treated with 14-Deoxycoleon U at different concentrations (0-40 μg/mL), while untreated cells were considered as control cells. 14-Deoxycoleon U was dissolved in DMSO and stored at −20°C as a stock solution at the concentration of 4 mg/mL, then diluted with culture medium during each treatment.
Cell viability assay
A549 and LLC cells (6×10   3   ) were seeded in 96-well plates, in 100 µL culture medium per well, for a 12 hrs incubation, then cells were treated with 0-40 μg/mL 14-Deoxycoleon U for 48 hrs. After treatment, 100 µL culture medium containing 10% cell counting kit-8 (CCK8) were replaced into each well, and cells with CCK8 were incubated at 37°C for a 4 hrs reaction. 
Western blot
A549 and LLC cells were seeded in 6-well plates at the same concentration described in the previous paragraph and treated with 14-Deoxycoleon U (0-20 μg/mL) for 12, 24, and 36 hrs. After 14-Deoxycoleon U treatment, cell lysis was performed using RIPA lysis kit (Beyotime) and mixed with phenylmethanesulfonyl fluoride. Total protein quantification of the whole cell lysate was performed using BCA protein assay kit (Takara, Kyoto, Japan). The same amount of total proteins was separated on 10-12% SDS-PAGE gel electrophoresis and subsequently electrophoretically transferred onto a nitrocellulose membrane by electrophoresis (Millipore, Billerica, MA, USA). Then, the membranes were blocked in tris-buffered saline containing 0.1% Tween-20 (TBS-T) (pH 7.6) with 5% skim milk for 1 hrs, followed by an overnight incubation with primary antibodies of GAPDH, XBP1s , 5 mg/kg 14-Deoxycoleon U, 5 mg/kg adriamycin, and PBS were peritumorally injected into LLC bearing mice every day for 14 times and mice weight was recorded every day. Mice were sacrificed 24 hrs after the last drug injection. The solid tumor sizes were measured every day, and the tumor volumes and tumor growth inhibition rate were calculated by the following formula:
Tumor volume (mm 
Statistical analysis
Data statistics were analyzed by IBM SPSS Statistics 24.0 (IBM, Armonk,NY, USA) for statistical analysis. Results were presented as mean ± SD of 3 replicates for 3 independent experiments. A Student's t-test was performed for evaluation of statistical significance between two groups. A P<0.05 was considered statistically significant.
Results
14-Deoxycoleon U inhibited the proliferation of A549 and LLC cells
As shown in Figure 1A and B, there was a dose-dependent decrease of proliferation in 14-Deoxycoleon U treated A549 and LLC cells, viability inhibition of A549 and LLC cells was statistically evident compared to the control group (P<0.05 and P<0.01) from 2.5 μg/mL onward. The IC50 values of 14-Deoxycoleon U on A549 and LLC cells were 18.99 and 10.04 μg/mL, respectively, at 48 hrs. Indeed, cell viability of A549 treated with 20 μg/mL 14-Deoxycoleon U and LLC treated with 10 μg/mL 14-Deoxycoleon U for 48 hrs were 49.98% and 46.68%, respectively. Thus, 5, 10 and 20 μg/mL 14-Deoxycoleon U were chosen for further experiments on A549 cells and 2.5, 5 and 10 μg/mL were used on LLC cells.
14-Deoxycoleon U-induced A549 cell apoptosis
In order to further investigate whether the inhibitory effect of 14-Deoxycoleon U on proliferation was associated with apoptosis, Hoechst 33258 staining and Western blot were performed. Hoechst 33258 staining revealed that the control cells displayed the uniform rounded or elliptical nuclei with uniformly distributed chromatin, while 14-Deoxycoleon U-treated cells exhibited the typical apoptotic morphological changes, such as shrunken cell body, hyperchromatic nuclear chromatin, karyorrhexis and apoptotic bodies' formation ( Figure 2A ). Apoptosis is not clearly manifested at 12 hrs, starting to appear at 36 hrs, revealing an increased apoptosis over time.
Next, apoptosis-related protein expression was evaluated by Western blot. As shown in Figure 2B -E, cleavedcaspase-3 and cleaved-PARP as the apoptotic markers were significantly increased at 36 hrs in the 14-Deoxycoleon U treated group compared to the control group (P<0.01), and this increase was dose-and timedependent. Further investigation on Bcl-2 family proteins (Bcl-2 and Bax) which are associated with mitochondrialmediated apoptosis was performed, revealing no difference in their expression between the control group and 14-Deoxycoleon U-treated group. These results indicated that 14-Deoxycoleon U-induced apoptosis of A549 and LLC cells probably via a non-mitochondrial pathway. 14-Deoxycoleon U-induced A549 cell apoptosis via endoplasmic reticulum (ER) stress
To further investigate apoptosis induced by 14-Deoxycoleon U, the expression ER stress related-proteins was evaluated and 12 hrs incubation time was selected according to our previous experiments (data not shown). Our results indicated that the expression of Bip, IRE1α, XBP1s and CHOP was significantly up-regulated after 12 hrs treatment with 14-Deoxycoleon U in A549 and LLC cells compared to the control group (P<0.05 and P<0.01, respectively) ( Figure 3A-D) . The key proteins of ER stress-mediated apoptosis, such as caspase-4 (human) and caspase-12 (mouse), were significantly decreased (P<0.01) and cleaved caspase-12 was significantly increased (P<0.01) after the treatment with 14-Deoxycoleon U in A549 and LLC cells compared to the control group (P<0.05 and P<0.01).
Overall, these results indicated that 14-Deoxycoleon Uinduced ER stress-mediated apoptosis in A549 and LLC cells.
14-Deoxycoleon U-induced A549 cell autophagy
Since it is reported that severe ER stress could also induce autophagy in tumor cells, the expressions of LC3, Atg5 and Beclin-1 were evaluated in both A549 and LLC cells. Our results indicated that 14-Deoxycoleon U effectively up-regulated Atg5 and LC3 II expression (both P<0.01) without modifying Beclin-1 ( Figure 4A and B) . Consistent with the Western blot results, the immunofluorescent staining visualized by confocal microscopy also showed the increase of LC3 II induced by 14-Deoxycoleon U ( Figure 4C ), suggesting that 14-Deoxycoleon U could induce the autophagy of A549 and LLC cells.14-Deoxycoleon U-induced A549 cell cycle arrest. Since cell cycle arrest plays an important role in apoptosis, the expression of proteins involved in the cell cycle was evaluated. Our results ( Figure 5A-D) showed that the expression of CDC2, cyclin-dependent kinase 6 (CDK6), and cyclin D3 was significantly decreased (P<0.01), p21 was increased (P<0.05 and P<0.01), and CDK2 and cyclin B1 expression was not significantly changed after treatment with 14-Deoxycoleon U for 12 hrs compared to the control group. Our results indicated that 14-Deoxycoleon U could induce cell cycle arrest via regulation of cell cycle-related proteins.
14-Deoxycoleon U inhibited tumor growth in vivo
Tumor weights of mice treated with 14-Deoxycoleon U and adriamycin for 14 days were significantly lower compared to the control group (P<0.05 and P<0.01, respectively), while the weight of those treated with adriamycin was significantly lower than that of the 14-Deoxycoleon U group (P<0.01) ( Figure 6A ). The body weight of adriamycin groups was lower than the control group (P<0.01), while the weight of those treated with adriamycin was significantly lower than that of the 14-Deoxycoleon U group (P<0.01) ( Figure 6B ). The kidney and lung to body weight ratio of both treatment groups were similar to the control group (P>0.05) ( Figure 6C and D). The liver and spleen to body weight ratio of adriamycin groups were lower than the control group (P<0.01), while the weight of those treated with adriamycin was significantly lower than that of the 14-Deoxycoleon U group (P<0.01) ( Figure 6E and F) .
Discussion
Since the last few decades, natural products have always been the focus in the discovery of anti-cancer agents and show significant therapeutic efficacy against many malignancies. [14] [15] [16] Abietane diterpenes display a wide variety of interesting biological activities, especially anti-proliferative activities against tumor cells. 12,17,18 14-Deoxycoleon U is a natural abietane-type diterpene characterized by a cyclic structure possessing the abietane carbon framework and an aromatic ring C (I, C20) ( Figure 1C ) and possesses an anti-tumor activity confirmed in our previous research. Our current research indicated that 14-Deoxycoleon U exerted a significant anti-proliferative effect on two NSCLC cell lines via apoptosis. Apoptosis mechanism is well known since it is the key mechanism of physiological cell death in vertebrates, and it is also considered the main indicator of anticancer ability. Caspase-3 is a key death executor in apoptotic pathway, which induces the cleavage of PARP, resulting in apoptosis. 19, 20 The increase of cleaved-caspase-3 and PARP triggered by 14-Deoxycoleon U suggested that 14-Deoxycoleon U-induced A549 and LLC cell apoptosis through the activation of caspase. However, the expression of Bcl-2 family proteins which are involved in the regulation of the mitochondrial pathway of caspase activation, such as the pro-apoptotic protein Bax and anti-apoptotic protein Bcl-2, 21,22 which were not significantly changed by 14-Deoxycoleon U treatment. These results suggested that 14-Deoxycoleon U might induce A549 and LLC cell apoptosis without involving the mitochondrial pathway. In addition to the mitochondria pathway, ER stress that induces perturbations in ER function also plays a key role in apoptosis. 23 ER stress triggers the unfolded protein response, which can inhibit the protein translation, degrade misfolded proteins or generate molecular chaperones aiming to maintain ER homeostasis. 23, 24 The critical player Bip (also called GRP78) which acts as an ER resident chaperone for the neutralization of chronic stress was remarkably increased after 14-Deoxycoleon U treatment in A549 and LLC cells. Under the conditions of severe ER stress, the intolerably high level of Bip is unable to establish ER homeostasis, and, as a consequence of that, the oligomerization and auto-phosphorylation of IRE1α, a key transmembrane protein which acts as a variable resistance capable of regulating cell fate, occur. 25, 26 Because of the endoribonuclease activity, activated IRE1α splices XBP-1 mRNA to produce spliced XBP-1 (XBP1s), which binds to promoters of several genes related to ER membrane biogenesis and cell homeostasis. 27 The up-regulation of XPB1s indicated that the cellular response switched from an adaptive to apoptotic. In addition, CHOP that is the downstream of IRE1, which causes changes in expression of gene involving for example DR5, which favor apoptosis, is one of the critical mediators in ER stress-induced apoptosis. 28, 29 Our results showed that 14-Deoxycoleon U increased IRE1α, XBP1s and CHOP expression, suggesting that ER stress was induced. On the other side, ER stress response also triggers the activation of an ER resident caspase-12 (caspase-4 possesses the same function in human cells), which translocated from ER to cytosol and activates a subsequent effector caspase mediating apoptosis. 30, 31 According to this mechanism, our results
showed that 14-Deoxycoleon U induced the activation of ER resident caspase-12 or caspase-4, which consisted the activation of caspase-3 and resulted in cell apoptosis. However, ER stress not only triggers apoptosis but also induces autophagy as a secondary response in the mitigation of ER stress and the degradation of accumulated proteins that were previously misfolded or unfolded. 32 Moderate autophagy is considered as a survival mechanism during starvation and some other detrimental conditions, whereas prolonged autophagy disturbs cellular processes and triggers cell death. Thus, autophagy also plays a critical role as a tumor cell death mechanism in cancer chemotherapy and radiotherapy. 33 Our research indicated that 14-Deoxycoleon U increased the ratio of LC3 II/LC3 I and the expression of Atg5, but without significant changes in Beclin-1 expression in both NSCLC cell lines. Newly synthesized LC3 is firstly processed to a soluble form LC3 I, but after its combination with phosphatidylethanolamine, it modifies to the lipidated and autophagosomes-associated form LC3 II because of the E3 ligase-like activity of Atg5-Atg12 complex, which is a marker for autophagy. 34 Studies about cell apoptosis-autophagy crosstalk indicated that Beclin-1 is cleaved by caspases and interacts with Bcl-2 for autophagy suppression, while calpain-mediated Atg5 cleavage is associated with apoptosis, and Atg5-FADD interaction may serve to regulate apoptosis rather than autophagy. 35, 36 In our research, 14-Deoxycoleon U induced both cell autophagy and apoptosis, although both Bcl-2 and Beclin-1 were not significantly changed, suggesting that 14-Deoxycoleon U induce A549 and LLC cell autophagy associated with Atg5. However, the crosstalk between autophagy and apoptosis induced by 14-Deoxycoleon U requires further studies, and the mechanism of the 14-Deoxycoleon Uinduced autophagy will be the focus of our future study. The apoptosis of the two NSCLC cell lines was not visible and detectable in the early stage after 14-Deoxycoleon U treatment, but cell proliferation was significantly inhibited. Thus, cell cycle arrest in 14-Deoxycoleon U treated A549 and LLC cells was further investigated. Cell cycle and apoptosis synergistically function to maintain cell homeostasis using or controlling a shared set of factors, and failure of DNA repair during cell cycle arrest causes apoptosis. [37] [38] [39] CDKs and cyclins are two group of proteins that regulate cell cycle progression by their interaction. 40 14-Deoxycoleon U induced a significant degradation of cyclin D3, an ubiquitously expressed member of the cyclin D family, and its combination with CDK6 forming a CDK/cyclin complex promotes cell progression from G0 into G1 phase. 41 In addition, one of the CDK inhibitory subunits such as p21 was also increased in 14-Deoxycoleon U-treated NSCLC cells, and p21 predominantly inhibits the CDKs involved in the transition of G1-to-S-phase, working as an important tumor suppressor protein. 38 Thus, the down-regulation of cyclin D3 and CDK6 accompanied by the up-regulation of p21 suggested that 14-Deoxycoleon U may result in the suppression of cell progression from the G1 to the S phase of cell growth. In addition to cyclin D family, cyclin B and CDC2 play a similar role in controlling the G2 to M phase transition. In our results, CDC2 was down-regulated, but cyclin B1 expression was not modified, suggesting that 14-Deoxycoleon U could also influence cell progression from G2 to M phase by the inhibition of CDC2. However, CDK2, which is activated by cyclin E and lead to G1/S transition, was not inhibited by 14-Deoxycoleon U. Thus, 14-Deoxycoleon U might induce cell cycle arrest through the down-regulation of CDC2, CDK6, cyclin D3 and the up-regulation of p21, which probably results in apoptosis. However, further investigations are required to clarify the relationship between 14-Deoxycoleon U-induced apoptosis and cell cycle arrest.
In conclusion, the current research demonstrated that 14-Deoxycoleon U effectively inhibited lung adenocarcinoma growth and induced A549 and LLC cell apoptosis via the ER stress pathway, induced cell autophagy and cell cycle arrest, consequently inhibiting cell proliferation, which supported the development of 14-Deoxycoleon U into a potential anti-tumor compound against lung adenocarcinoma.
